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Abstract
Background: A number of studies examined the association between preterm delivery and 
kidney size and function later in life. However, the number of cases in published cohort stud-
ies is low. This study was aimed at performing a multicenter collaboration to pool data to ob-
tain more accurate results to quantify the extent of renal impairment in former extremely low 
birth weight (ELBW; < 1,000 g) children. Methodology: We performed a subject-level meta-
analysis to pool data from Cracow (64 cases/34 controls) and Leuven (93 cases/87 controls). 
We assessed and analyzed cystatin C, estimated glomerular filtration rate (eGFR), ultrasound 
kidney length, and blood pressure (BP) in 11-year-old ELBW children compared with controls 
born at term. The prevalence of hypertension (HT) and prehypertension (preHT) in both 
groups was also analyzed. Results: The study group comprised 157 former ELBW children 
(gestational age 23–33 weeks and birth weight 430–1,000 g) and 123 children born at term. 
Former ELBW children had lower mean eGFR (100.62 ± 16.53 vs. 111.89 ± 15.26 mL/min/1.73 
m2; p < 0.001), smaller absolute kidney length (8.56 ± 0.78 vs. 9.008 ± 0.73 cm; < 0.001), and 
higher systolic (111.8 ± 9.8 vs. 107.2 ± 9.07 mm Hg; p = 0.01) and diastolic (68.6 ± 6.8 vs. 66.3 
± 7.7 mm Hg; p = 0.03) BP. Smaller renal size in former ELBW children was positively associ-
ated with lower birth weight, shorter gestational age, and severity of perinatal complications 
(intraventricular hemorrhage, length of stay, mechanical ventilation, and oxygen therapy). 
Conclusion: ELBW is associated with lower eGFR and a high frequency of preHT and HT.
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IntroductionOrganogenesis of the kidney is an ongoing developmental process that continues until 34–36 weeks of gestation. In an autopsy study [1], it was observed that the radial glomerular counts were significantly decreased in preterms when compared to controls. Also, Sutherland et al. [2] showed that renal maturation accelerates after preterm birth with an increased number of glomerular generations. Moreover, these preterm kidneys had a greater percentage of morphologically abnormal glomeruli and a significantly larger cross-sectional area of the renal corpuscle. Another issue is that many preterms are also exposed to hypoxia, hyperoxia, nephrotoxic medications, acute kidney injury, and poor extrauterine nutrition – risk factors associated with impaired renal development. These observations suggest that kidneys of children born prematurely may be more vulnerable to impaired renal function later in life. The relative risk of developing chronic kidney disease from childhood into mid-adulthood after preterm birth has recently been quan-tified and was highest (3-fold) in former extreme preterm birth (< 28 weeks) children [3].Along this line, pooling of data in former growth-restricted preterm neonates is even more relevant.Multiple studies reported on cystatin C level and the corresponding estimated glomerular filtration rate (eGFR) values throughout the pediatric life in former extremely low birth weight (ELBW; < 1,000 g) cohorts [4–11]. However, the number of cases in published cohort studies is low and multicenter collaboration to pool data together to obtain more accurate results, preferably throughout pediatric life and beyond, is crucial.In the last decades, a lot of studies showing that hypertension (HT) occurs more often in former preterm infants were published. Lurbe et al. [12] proved that significantly higher blood pressure (BP) values are measured after the first month of LBW children life. Furthermore, higher BP is determined more strongly by birth parameters than by any anthro-pometric measurement [13].In 2013–2018, 2 groups of investigators (from Children Hospital in Cracow and University Hospital of Leuven) independently analyzed the impact of ELBW on renal size and function, as well as on BP parameters in 11-year-old former preterms [8, 14, 15]. Due to the fact that sample size, both in mentioned studies and other available publications, was not sufficient, a collaborative effort was undertaken to merge the data. This study was aimed at pooling the currently published data on renal outcome in 11-year-old former ELBW and age-matched children born at term to obtain more accurate results. The hypothesis was that children born prematurely have lower eGFR, decreased kidney length, and higher BP when compared to term controls. 
Materials and MethodsA subject-level meta-analysis was performed to pool data from Cracow and Leuven cohorts of 11-year-old former ELBW into a single database. Detailed methodology was described in previous publications of the Cracow [14] and Leuven [16] research groups. Both methodology and methods of harmonization are also presented in the article supplement. In both centers, all children born with ELBW between 2002 and 2004 (Cracow) and between 2000 and 2005 (Leuven) were invited to participate in the study at the age of 11 years. In Cracow, 91 former ELBW cases were invited, of which 64 participated (70%). In Leuven, of the 140 children invited, 93 participated (66.4%). Control groups in both centers consisted of age-matched children born at term. In Cracow, 34 controls were recruited from one general practice office. In Leuven, controls were either friends of the cases (n = 41) or recruited at an elementary school close to the examination center (n = 46).
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Anthropometric Measurements at 11 YearsIn both Cracow and Leuven cohorts, body height was measured to an accuracy of 1 mm. Body weight was measured to an accuracy of 100 g with calibrated scales. Data were presented as absolute values and z-scores (calculated on the basis of the WHO Growth Reference Data, 2007). Body surface area was calculated using the formula BSA = 0.024265 × height (cm)0.3964 × weight (kg)0.5378 [17].
BP Measurements at 11 YearsIn Cracow, the Spacelabs Healthcare device model 92017 was used to perform 24 h ambulatory BP measurements. In Leuven, BP was the average of 3 consecutive auscultatory readings obtained according to European guidelines with a standard mercury sphygmoma-nometer after the children had rested in the sitting position for at least 5 min. To compare data of Leuven cohort with Cracow group, the average of 3rd, 4th, and 5th single ambulatory BP measurement measurements were extracted from the device report. Prehypertension (preHT) and HT were defined as BPs exceeding the 90th and 95th percentiles of the distribu-tions stratified according to sex, age, and body height [18]. Absolute values of BP were also converted into percentiles using the norms published in 2010 [19].
Serum Cystatin C Level and eGFRIn Cracow, cystatin C was measured by a particle-enhanced immunonephelometric assay (NLatex Cystatin C assay; Dade Behring, Deerfield, IL, USA) using a nephelometer (BN-II; Dade Behring). In Leuven, cystatin C was measured by a particle-enhanced immunoturbidimetric Tina-quant® CysC Generation 2 assay on a COBAS Integra 400 system. To compare the results, Cracow cohort results were transferred using the formula y = 0.937x + 0.231 [20]. The normal value for children between 4 and 12 years of age was defined as 0.53–0.95 mg/L.The glomerular filtration rate was estimated using the Caucasian-Asian-Pediatric-Adult formula [21]:eGFR (mL/min/1.73 m2) = 130 × cystatin–1.069 × age–0.117 – 7.
Kidney UltrasoundFor each child, the kidney length was calculated as the average of 3 (Cracow) or 2 (Leuven) measurements. Renal measurements were performed with the children lying in supine position, and the largest longitudinal distance in the sagittal plane was measured.The reference values of kidney length were calculated using the formula of Dinkel et al. [22]. Renal length was adjusted to the patient’s height. The formulae used to calculate the predicted renal length were:Left kidney (mm): 0.51346 × height (cm) + 17.659Right kidney (mm): 0.49915 × height (cm) + 18.381The formula used to calculate the relative kidney length was: Relative kidney length = (actual kidney length measured by ultrasound/predicted kidney length) × 100%Kidney was assumed to be too small when relative kidney length was < 85% of the predicted value. This definition was chosen because 15% decrease of renal size is approxi-mately the deviation of (–1) Z-score.
Primary Outcomes1 Decrease of eGFR estimated on the basis of cystatin C below 90 mL/min/1.73 m2 2 Prevalence of preHT or HT
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Secondary OutcomesAbsolute and relative kidney length, serum cystatin C level, estimated GFR, absolute BP values, and BP percentiles.
Statistical AnalysisFor database management and statistical analysis, we used SPSS software, version 24 (IBM, Armonk, NY, USA). We compared means by Student t test or Mann-Whitney U test, as appro-priate, and proportions by the Fisher’s exact test. Multivariable-adjusted linear regression was used to analyze the association of kidney size with other risk factors. The presence of preHT and HT was analyzed using logistic regression. Significance was a 2-sided p value smaller than 0.05. 
Results
PopulationThe study group comprised 157 former ELBW children (gestational age from 23 to 33 weeks) with a birth weight of 430–1,000 g. The control group consisted of 123 children born full-term (gestational age from 37 to 44 weeks) with a birth weight of 2,040–5,000 g. The mean age at the time of examination was 11.6 ± 1.1 years in the group of children born prema-turely and 11.2 ± 1.2 years in control group (p = 0.022). Table 1 lists the measurements obtained at birth in cases and controls.
Anthropometric MeasurementsChildren born prematurely were 4.7 cm shorter than children born at term (143.7 ± 8.9 vs. 148.4 ± 9.8; p < 0.01). The difference remained after conversion to Z-scores (–0.49 ± 0.96 vs. 0.42 ± 0.99; p < 0.01). Moreover, preterm children were 5.1 kg lighter and had 2.3 cm smaller head circumference than controls (35.3 ± 9.0 vs. 40.6 ± 9.6; p < 0.001 and 50.8 ± 2.0 vs. 53.1 ± 1.5; p < 0.001, respectively).
Estimated Glomerular Filtration RateThe level of cystatin C was available in 123 former ELBW children (78%) and 107 controls (87%). Reasons for the unavailability of blood samples were refusal of the child (n = 10), too 
Table 1. Measurements at birth and at 11 years in cases and controlsMeasurements at birth Cases Controls p valueGestational age, weeks, mean ± SD 27.37 2.04 39.34 1.41 <0.001Child birth weight, g, mean ± SD 814 138 3,447 515 <0.001Gender, girls/boys, n 89/68 62/61 0.33Birth weight small/accurate for GA, n 55/101 6/110 <0.001
Measurements at 11 yearsBody height, cm, mean ± SD 143.7 8.9 148.4 9.8 <0.001Body height (Z-score) –0.49 0.96 0.42 0.99 <0.001Body weight, kg 35.3 9.0 40.6 9.6 <0.001Body weight (Z-score) –0.157 1.36 0.457 1.18 <0.001Head circumference, cm 50.8 2.0 53.1 1.5 <0.001Head circumference (Z-score) –2.489 1.44 –0.964 1.00 <0.001Body surface area, mean ± SD 1.18 0.18 1.28 0.19 <0.001Figures in bold indicate significance.
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low sample volume (n = 12) or inability to collect blood after 1 or 2 attempts (n = 28). The mean eGFR in the ELBW group was 100.6 ± 16.5 mL/min/1.73 m2, whereas in controls 111.9 ± 15.3 mL/min/1.73 m2 (p < 0.001). eGFR was below 90 mL/min/1.73 m2 in 35 children born prematurely (28.7%) and in 10 children in the control group (9.3%); p < 0.01. 
Blood PressureBP data were available in 141 ELBW children (89.8%) and in 117 children born at term (95.1%). Both systolic (SBP) and diastolic (DBP) BP were significantly higher in the ELBW group. The difference was present in both absolute values (SBP 111.8 ± 9.8 vs. 107.2 ± 9.07 mm Hg; p = 0.01; DBP 68.6 ± 6.8 vs. 66.3 ± 7.7 mm Hg; p = 0.03), as well as in percentiles (SBP 60.3 ± 27.2 vs. 50.5 ± 28.4; p = 0.01; DBP 74.1 ± 21.7 vs. 64.8 ± 27.6; p = 0.003). The prevalence of preHT and HT was higher in prematurely born children. Twenty two (15.6%) ELBW children displayed preHT and an additional 37 (26.2%) had HT. In the control group, this was 9 (7.7%) and 24 (20.5%), respectively; p = 0.048. 
Renal SizeRenal ultrasound was performed in 150 (95.5%) children born prematurely and in 120 (97.6%) children born at term. Both the absolute and relative kidney lengths were shorter in 
Table 2. Primary outcomes in cases and controls Cases Controls p value
n % n %High serum cystatin C level >0.95 mg/L 54 43.9 15 14.0 <0.001GFR <90 mL/min/1.73 m2 35 28.7 10 9.3 <0.001Blood pressure<90 pc 82 58.2 84 71.8 0.04890–95 pc 22 15.6 9 7.7>95 pc 37 26.2 24 20.5GFR, glomerular filtration rate. Figures in bold indicate significance.
Table 3. Secondary outcomes in cases and controlsCases Controls p valuemean SD mean SDCystatin C, mg/L 0.932 0.133 0.847 0.102 <0.001eGFR, mL/min/1.73 m2 100.62 16.53 111.89 15.26 <0.001Mean SBP, mm Hg 111.8 9.8 107.2 9.07 <0.001Mean DBP, mm Hg 68.6 6.8 66.3 7.7 0.03SBP, pc 60.3 27.2 50.5 28.4 0.01DBP, pc 74.1 21.7 64.8 27.6 0.003Absolute left kidney length, cm 8.56 0.75 9.009 0.73 <0.001Relative left kidney length 0.93 0.069 0.96 0.068 0.004Absolute right kidney length, cm 8.56 0.80 9.007 0.73 <0.001Relative right kidney length 0.95 0.076 0.97 0.069 0.005eGFR, estimated glomerular filtration rate; SBP, systolic blood pressure; DBP, diastolic blood pressure. Figures in bold indicate significance.
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the group of prematurely born children. However, relative kidney length < 85% of normal value was found in 19 (12.7%) ELBW and in 7 (5.8%) controls; p = 0.06.Multivariable logistic regression revealed that independent risk factors of decreased kidney size are gestational age and center (Cracow/Leuven). For every additional week of gestational age, the probability of low relative kidney length decreased by about 28.8% (OR 0.712). All primary and secondary data are presented in Tables 2 and 3.
Differences between Cracow and Leuven Patients The main difference between Cracow and Leuven cohorts is the type of hospitalized patients. Leuven premature infants, due to specific hospital requirement (advanced perina-tology center), were referred to or treated in one facility. Cracow cohort consisted of 2 equal parts. About 53% of children were born and treated at the University Hospital in Cracow and Tarnów Hospital, while the others were treated at the University Children’s Hospital and were out-born patients (delivered in smaller hospitals, with less experience in premature perinatal care). The percentage of girls was higher in Cracow cohort (67.2 vs. 49.5% in Leuven; p = 0.033). Leuven cohort was 0.78 years older than Cracow (11.09 ± 0.41 vs. 11.87 ± 1.35; p < 0.001) at assessment. The duration of hospitalization did not differ significantly between cities and cohorts’ weight gain (Cracow: 22.6 ± 15.7 vs. Leuven: 17.4 ± 4.5 g/day; p = 0.22). Children from Cracow had 1.9 cm smaller head circumference compared to those from Leuven. The difference between groups in absolute values of height was shown (141.7 ± 7.9 vs. 145.1 ± 9.3; p = 0.014), but it was statistically insignificant after recalculation into percentiles. Body weight was similar in both groups.There were no differences between cities in gestational age, percentage of SGA (small for gestational age), and postnatal administration of steroids. In the Cracow cohort, the birth weight was higher compared to the Leuven cohort (843 ± 132 vs. 795 ± 138; p = 0.028). Moreover, 10 patients from the Cracow group received below 5 points in Apgar scale in 5th min of life, compared to 0 children from the Leuven group (p < 0.001). Less children from Cracow needed PDA treatment (29.7 vs. 49.5%; p = 0.02); however, the frequency of intra-ventricular hemorrhage was higher in this group (66.7 vs. 22.8%; p < 0.001). The prenatal administration of steroids was higher in Leuven (89%) than in Cracow (48.4%); p < 0.001. The duration of mechanical ventilation in Cracow was longer compared to Leuven (median 21 vs. 7 days; p = 0.008) and patients required oxygen for a longer time period (median 51 vs. 37 days; p < 0.001). As a result, the frequency of BPD was higher in the Cracow cohort.
DiscussionOur pooled analysis confirmed that children born with ELBW have smaller renal size, poorer kidney function as estimated by CysC clearance, and elevated BP when compared to controls who were 11 years old. We hereby quantified the incidence of these events, and analyzed the relevance of potential risk factors (gestational age, disease severity). Seven publications assessing the levels of cystatin c/CysC-eGFR in former preterms, published after 2010, were available on PubMed [4–11]. Most authors focused on the first 1–3 years of life [4–6, 10], only 2 papers investigated 11-year-old children [8, 11]. Moreover, comparison to a term-born control group was found only in 5 of those studies [4, 6–8, 11]. Cystatin C was chosen for GFR estimation, because eGFR based on CysC levels has been shown to be superior to eGFR based on creatinine [23]. The risk of eGFR decrease in premature children was widely discussed in the literature in the last decades. Most studies confirm renal 
903Kidney Blood Press Res 2019;44:897–906
Gilarska et al.: Extremely Low Birth Weight Predisposes to Impaired Renal Health:  
A Pooled Analysis
www.karger.com/kbr
© 2019 The Author(s). Published by S. Karger AG, BaselDOI: 10.1159/000502715
function impairment in preterms (compared to controls): 44 babies at 38 weeks of gesta-tional age [4], 60 children between 12 and 36 months [6], 48 children at the age of 8.3 years [7], 40 children at the age of 8.6 years [24]. However, Rakow et al. [25] found no significant differences in renal function between preterm and term groups small and appropriate for gestational age. We confirmed in a large combined cohort that children born prematurely are at greater risk of decreased eGFR. This fact is crucial due to the work published by Davies and Shock, which confirmed the concept of age-related decline in GFR – among apparently healthy adults there was a linear decline of GFR beyond the age of 30 years, such that by age 90 years, GFR was reduced by an average of 46% from that found in youth [26]. Although speculative, we combined the data from Davis and Shock with the Cracow-Leuven data collected from healthy 11-year-old controls to create a graph (separately for male and female populations) reflecting the anticipated decrease of eGFR throughout life. We subsequently used the same trend line on decrease to the mean eGFR in our study group of former ELBW preterms (Fig. 1). In doing so, we presented the average decline of GFR in healthy peers, compared to ELBW children. We can speculate that due to prematurity, the decrease of eGFR below 60 mL/min/1.73 m2 will be diagnosed 20 years earlier in ELBW than their healthy peers. Moreover, it seems that almost in 1 of 5 ex-preterms 2nd stage chronic kidney disease will be diagnosed between 30 and 40 year of life. Although based on extrapo-lation, this decrease of renal function is clinically important and indicates that perinatal history should be taken into consideration by nephrologists in assessing the risk of chronic kidney disease in their patients and is a topic for clinical research [27].Another important issue in former ELBW cases is an increased risk of cardiovascular diseases, firstly hypothesized by Barker et al. [28]. Over the last decades, many authors reported on the BP elevation of former preterm-born children. It has been proven that birth 
Fig. 1. Speculations about age-re-lated decline in GFR in healthy peers and predicted values of GFR in age-matched former ELBW cas-es. eGFR, estimated glomerular filtration rate; ELBW, extremely low birth weight.
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characteristics determine BP values stronger than any other parameter [13]. Most studies concentrate on absolute values of BP and show significantly higher SBP [29–36] and elevated DBP values [32, 35–37] in this group. HT diagnosis in the context of prematurity is rarely mentioned [38]. In the presented population, we assessed SBP, DBP as well as the prevalence of preHT and HT, indicating that ELBW is strongly correlated with changes in BP profile.Furthermore, decrease in renal size in prematurely born children was observed. Similar data were reported after examination of: 44 newborns in 38th week of post menstruation age [4], 69 prematurely born 5-year-old children [9], and 51 young adults [39].We proved that the probability of small kidney diagnosis is higher in children from Cracow than in children from Leuven. There was no difference in controls’ absolute and relative kidney size between cities. The difference in relative kidney length between cities is, in our opinion, associated with the characteristics of the cohorts.The heterogeneity of presented ELBW population is one of the main strengths, as well as, limitation of the study. The strength of this study is that we merged data from 2 neonatology tertiary centers to analyze the renal size, function, and BP in premature children later in life. Moreover, in both cities only preterms with ELBW were enrolled in the study and assessment was made at the same age of about 11 years. All data were collected and pooled into a single database. As a result of this merge, we constructed the biggest available dataset to assess the impact of ELBW on further renal outcomes and BP. An obvious next step is to merge more datasets with different characteristics (gestational age, weight, treatment modalities) with subsequent assessment of renal outcome throughout pediatric life and beyond. Analyzed population contained both in-born and out-born patients, as well as children born in high and middle income countries. We suspect that the presented results are independently correlated to prematurity and ELBW. However, a high percentage of in-born children (whose mothers received steroids prenatally) might indicate that in children born in “emergency” delivery, outcomes could be much poorer than presented. The significant value of our study is also that data were converted into Z-scores, percentiles, and relative values. This is very important in the assessment of pediatric population.The main limitation of this study is the difference in measurement methodology. All raw data were converted in the best possible way, but some differences are inevitable due to the retrospective design of the present study. In summary, we confirmed that premature birth of children with ELBW, as well as indi-cators of disease severity during perinatal care, have crucial influence on the future life of these children. Renal size decrease, kidney function deterioration, and BP elevation are frequently observed in former ELBW. Moreover, our study suggests that even mild deterio-ration of kidney function in teenagers may have substantial effect on the probability of chronic kidney disease in later life. We have also shown that BP elevation is associated with premature birth. In our opinion, it is essential for all specialists to consider that nowadays more and more former ELBW children become adults, burdened with the risk of – among others – renal or cardiovascular complications. Most of these complications are still mild in early adulthood, but become remarkable after years of deterioration.
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